Abstract-Non-invasive ammonia sensors are attractive alternatives for the diagnoses of a variety of chronic diseases such as liver cirrhosis and renal failure. A low cost pentacene-based organic thin film transistor (OTFT) fabricated by a novel and simple process was demonstrated to be highly sensitive and specific for ammonia gas. Various measurement parameters that reflected OTFT device characteristics for ammonia detection were investigated. Significant variations of the turn-on current, intrinsic mobility, and threshold voltage ( th ) were observed while subthreshold swing ( ) was almost unchanged to the alteration of ammonia concentration. The OTFT device detected 0.5 5 ppm concentration ammonia gas at room temperature, which is in the critical range that can distinguish between healthy person and paticents with liver cirrhosis and renal failure. The sensitivity of the device was further enhanced following a simple UV irradiation treatment to modify the functional groups on poly(methyl methacrylate) (PMMA) dielectric layer. Possible interference for ammonia detection such as humidity effect and selectivity among nitrogen, alcohol, carbon dioxide, acetone, methane and ammonia were also examined. We concluded that the proposed pentacene-based OTFT is a promising device for the future application in non-invasive medical diagnoses.
sensors are specific to only a single gas. However, high specificity of gas sensing can still be achieved by using an array of gas sensing devices that monitor a different spectrum of gaseous species. Table I shows some unusual breath odors mainly caused by the increase of specific gaseous molecules that are associated with important diseases [3] [4] [5] [6] [7] . A gas sensor that can monitor the unusual concentrations of these specific molecules in human breath would be very useful for the development of non-invasive diagnosis of these diseases.
Ammonia is an important indicator for uremia and chronic liver disease (Table I) . Breath ammonia level is significantly higher in cirrhotic patients (0.745 ppm) than that in normal person (0.278 ppm) [8] . Patients who have renal failure even exhale 4.8 ppm ammonia in their breath [5] . It is suggested that suitable ammonia sensors would be important. Current ammonia sensors such as polyaniline sensors, metal oxide sensors, catalytic sensors, and optical analyzers suffer from disadvantages such as high operation temperature, low sensitivity and high cost [9] , [10] . Adequate ammonia sensor for biomedical application should be able to detect ammonia from around 0.5 to 5 ppm at room temperature as described above for cirrhotic [8] and renal failure patients [5] . Other diseases that are diagnosed with human breath included H. pylori infection [6] with C13 labeled carbon dioxide and diabetes using gas-sensitive LAPS (Light Addressable Potentiometric Sensors) [11] . However, both cases are limited in hospitals or medical centers for the readout of the sensing signals required expensive instruments. Facing with the ageing society and urgent need for personalized medicine, it is essential to develop cheap and portable gas sensors for patients and to trace their conditions at home.
Organic thin-film transistors (OTFTs) were reported to be a non-invasive, inexpensive, portable and disposable diagnostic device because of its low cost fabrication process and high sensitivity to gas molecules [12] . The molecular active channel in OTFTs enables the devices to exhibit rapid response in both gaseous [13] and aqueous [14] sensing environment. It is proposed that the gas molecules penetrate organic active layer through grain boundaries and diffuse into channel region to react with carriers [15] , [16] . As a result, the sensitivity is high and is strongly dependent on the morphology and the grain boundary density of the organic film [17] . OTFTs provide multiple sensing parameters such as field-effect mobility, turn-on conductivity, turn-off conductivity, threshold voltage and subthreshold swing [18] . Also, OTFTs with different active layer materials can form an OTFT array to provide sensing selectivity through a sensing map [12] . Some approaches have been demonstrated to increase the sensitivity and selectivity of OTFT gas sensor by changing the functional 1530-437X/$26.00 © 2011 IEEE TABLE I  DISEASES ASSOCIATED WITH UNUSUAL BREATH ODORS   TABLE II  COMPARISONS OF AMMONIA SENSORS IN THIS WORK AND IN OTHER REPORTS group, the grain structure of organic layer [19] , or varying the device dimension [20] . The OTFT response to ammonia gas [21] has been briefly mentioned. However, the potential and its feasibility for using OTFTs as non-invasive diagnostic sensor deserve further investigation. In this report, for the first time, we fabricated OTFTs that were suitable as an ammonia sensor for monitoring cirrhotic and renal failure patients. Table II compares the ammonia sensors of this work and of others reports [22] [23] [24] [25] [26] [27] [28] . Up to date, only optical sensing systems, which require expensive setup, exhibit a sensitivity in parts-per-billion (ppb) or even parts-per-trillion (ppt) regime. Electrical ammonia sensors, like poly(3-hexylthiophene)(P3HT)-based OTFT, exhibit sensitivity higher than 10 ppm. Electrical sensors based on catalytic metals exhibit sensitivity as 1 ppm, however, the sensors have to be operated at a temperature higher than 150 . Our proposed pentacene-based OTFT, particularly the UV-treated pentacene-based OTFT, exhibits sensitivity as 0.5 ppm at room temperature.
II. EXPERIMENT

A. Preparation of OTFTs
OTFTs were fabricated on silicon substrates as shown in Fig. 1(a)-(d) . A highly doped p-type silicon wafer with 100-nm-thick was used as the gate electrode and gate insulator, respectively. PMMA [poly(methyl methacrylate)] obtained from MicroChem Corp (with a molecular weight of 95000) was used as the buffer layer to modify dielectric surface. PMMA dissolved in anisole at 10 wt% was spun onto dielectric surface at a speed of approximately 8000 rpm for 40 seconds. Then, the with PMMA was transferred to a hot-plate and annealed at 90 for 30 minutes. The thickness of PMMA was estimated by capacitance measurement Agilent HP4284. The capacity of dielectric was about [23] [24] . Part of the with PMMA was exposed to UV-light (175-285 nm and irradiation intensity of 0.043 for 60 seconds; Jelight Company, GLS-144 UV Lamp). It is proposed that UV light treatment modified the PMMA functional end-groups from -COOCH3 to -COOOH ( Fig. 1(e) ) [29] , [30] . After UV treatment, the dipole moment of PMMA end-groups is increased [30] . Both UV-treated PMMA and untreated (standard, STD) PMMA dielectrics were transferred into a vacuum chamber for the deposition of 100-nm-thick pentacene film. The pentacene (99.9% pure, obtained from Aldrich without purification) was evaporated through a shadow mask to form the active layer. The deposition rate was set at 0.5 with the substrate temperature as room temperature and the pressure at around . After the formation of a 100-nm-thick pentacene, 100-nm-thick gold was deposited through the shadow mask to form source/drain contacts. Schematic cross-sectional view of STD-and UV-Treated OTFTs (UV-OTFTs) are shown in Fig. 1(d) . Fig. 2(a) also shows the flowchart for the fabrication processes.
B. Electric Characterization of OTFTs
Electric properties of OTFT devices were measured by using a semiconductor analyzer (Keithley 4200-SCS) in a sealed chamber. The inside total chamber-volume was 42 L. The sealed chamber with measurement system is shown in Fig. 3 . To begin a measurement, the chamber was initially vacuumed to be less than 1 torr and then purged with high-purity (99.99%) nitrogen to 1 atm. Then, gas (Airproduct, 99%) was injected through a mass flow controller (Brooks, MFC 5850E, USA) into the chamber during a controlled time period. The concentration of gas in the chamber was calculated according to the chamber dimension as ppm unit (mg/L).
C. Moisture Control
The relative humidity (RH) in the chamber was controlled by firstly introducing water vapor to increase RH then pumping down to keep the RH at 50%. The RH was measured by the humidity gauge (WISEWIND, 5334, China) inside the sealed chamber. The flowchart for measurement characterization is shown in Fig. 2(b) .
III. RESULTS AND DISCUSSION
A. Initial Characteristics of STD and UV-OTFTs
The transfer characteristics of STD-and UV-OTFTs are compared in Fig. 4 . Though the current-voltage model of OTFTs is still not well-developed, formula borrowed from MOSFET are widely used to analyze OTFT characteristics from macroscopic point of views [31] [32] [33] . In linear region, drain current can be expressed as (1) [18] , [31] ( 1) where is capacitance per unit area of the insulating layer, is the field-effect mobility, and is the threshold voltage. When , (1) can be simplified as (2) and can be extracted by fitting (2) with the linear region drain current (2) Then, linear-region transconductance can be defined as (3) Field-effect mobility is then extracted from the transconductance maximum by using (4) [18] (4) Typical parameters extracted from transfer characteristics are listed in inset of Fig. 4 .
of UV-OTFTs was more positive 3 . Gas sensing system. The chamber holder is surrounded by the 5 probing-stages and the injected gas is controlled by mass flow controller (MFC). Before starting the gas sensing experiment, we used the mechanical pump to pump down the chamber at a pressure less than 1 torr. Then we used the high-purity nitrogen gas (99.99%) to purge the chamber to a pressure about 1 atm and kept the chamber in the low moisture and oxygen. Then, we introduced ammonia gas through the mass flow controller.
than that of STD-OTFTs. A plausible explanation is that the UV-treated PMMA produces excess negatively charges that enhanced the accumulation of holes. Accordingly, was enlarged and the was positively shifted. These results are consistent with previously reported data [30] , [34] , [35] . Both standard and UV-treated devices exhibited a mobility around 0.3 cm (inset table of Fig. 4) , indicating that the pentacene film structure and the carrier transport were not significantly affected following UV treatment. The mobility of pentacene- based OTFT is much smaller than that of single crystal silicon MOSFET and leads to a small output current. To deliver a reasonable current with an obvious sensing response, one can increase the device channel width to channel length ratio (W/L) to enlarge the output current as well as the sensing response. A signal read-out circuit can also be designed to amplifier the sensing signal.
B. Ammonia Sensing Response of STD-and UV-OTFTs
The responses of STD-and UV-OTFTs to nitrogen ambient and to 1-ppm ammonia gas in nitrogen ambient as a function of sensing time were determined, respectively. Four typical parameters (turn-on current, intrinsic mobility, , and ) were extracted and plotted as a function of sensing time as shown in Fig. 5 . Both STD-and UV-OTFTs keep almost unchanged characteristics in nitrogen ambient. In the presence of 1-ppm ammonia gas, significant variations of the turn-on current, intrinsic mobility, and were observed while was almost unchanged. The turn-on current variation , according to (2) , is affected by both threshold voltage shift and mobility variation , where and are the initial drain current and the initial field-effect mobility.
is usually referred to the interface trap density [29] and constant indicated that 1-ppm did not drastically change the interface trap density of the device. When ammonia molecules diffuse into the active layer through grain boundaries, the decrease in mobility may result from the increase of scattering centers or the increase of energy barrier for charge transport [16] . It was reported that the polar molecules disturb charge transport in organic materials by increasing the amount of energetic disorder through charge-dipole interactions [36] . After exposing to 1-ppm ammonia gas for 1000 sec, mobility of STD-OTFT and UV-OTFT degraded about 20% and 30%, respectively. This result implied that the increased dipole moment on PMMA surface following UV treatment may facilitate the absorption of ammonia molecules. respectively. Each data was the average of three independent measurements by using three samples with identical initial characteristics.
The influence of UV treatment on OTFT sensing behavior was much more pronounced when the was observed (Fig. 5) .
is usually referred to charge trapping in insulator or defect state creation in pentacene film [37] , [38] . It has been observed that OTFTs exhibit significant due to defect state creation when OTFTs are continuously biased (bias-stress effect) [39] , exposed to light [40] , or exposed to moisture [41] . It is unlikely that this pronounced was due to the bias-stress effect in our experiment because both STD-and UV-OTFTs keep almost unchanged characteristics in nitrogen ambient. It is proposed that the ammonia molecules within pentacene/PMMA interface may interact with pentacene molecules to form positively-charged defect state and cause variation of , , and . After UV treatment, PMMA surface becomes more hydrophilic and may attract more ammonia.
C. Humidity Effect on Ammonia Sensing
Ammonia may become positively-charged ammonium ion in the presence of water and may significantly affect the electric properties of the OTFTs. We thus investigated the effect of relative humidity (RH) on the ammonia sensing. In the nitrogen ambient and in the absence of ammonia, reversed RH effects (or water molecule doping effects) were observed for ( Fig. 6(b) ) and ( Fig. 6(b) ). This observation can be explained as following. The highly polar water molecules can induce more mobile charges in the organic semiconductor layer. Therefore, a large positive gate bias was needed to compensate for the holes in the channel and to turn off the device [41] . Scattering effect or the field screening effect may be the plausible mechanism to describe interactions between polar water molecules and carriers and can explain why carrier mobility was decreased at higher RH. The humidity effect on is show as the dashed line in Fig. 6(a) . Interestingly, increasing RH (from 20% to 50%) and higher ammonia concentration made more negative. This observation was consistent with the formation of ammonium ions in the presence of water molecules, which suppressed the water doping effect. However, of OTFT was not sensitive to the variation of RH ( , dashed line in Fig. 6(b) ), probably because charged and polar molecule gave relatively similar effect on . In this report, constant RH was maintained to avoid its interference on ammonia sensing. More detailed effects of RH on ammonia sensing are now under investigation.
D. The Specificity of OTFTs
The specificity of OTFT as gas sensor was further investigated with some gases that may exist in human breath or may interfere with ammonia sensing. The effects of carbon dioxide , alcohol , methane , and acetone on and of UV-and STD-OTFTs were shown in Fig. 7(a), (b) and Fig. 7(c), (d) , respectively. These gases were relatively inert to OTFTs and only ammonia caused significant variation in both and . 
E. Ammonia Concentration Dependent OTFT Sensing Response
Both and of OTFTs were dependent on ammonia concentration as shown in Fig. 8 . The variation of and to ammonia concentration indicated that the difference of less than 0.5 ppm ammonia can be clearly distinguished by OTFTs. As a non-invasive diagnostic sensor for cirrhotic patients, it is necessary to monitor ammonia concentration at 0.5 ppm or lower so that the breath samples between healthy person (breath ammonia level: 0.278 ppm) and a patient (breath ammonia level: 0.745 ppm) [8] can be distinguished. For the patients with renal failure, the target ammonia levels are approximately 1 ppm (relieve) to 5 ppm (dangerous) [7] . Our data shown in Fig. 8 demonstrated that both UV-OTFTs ( Fig. 8(a), (b) ) and STD-OTFTs (Fig. 8(c), (d) ) can reach this requirement for ammonia sensitivity.
IV. CONCLUSION
In conclusion, a pentacene-based OTFT was shown to be sensitive for ammonia sensing from 0.5 to 5 ppm, a critical range for the diagnosis of patients with chronic liver diseases and renal failure. This demonstrated that OTFT devices, which can be fabricated by simple and cheap process and exhibited channel length and width as large as several hundreds of microns, were useful as non-invasive biomedical sensors. The advantages of OTFT devices are on the contrary to inorganic MOSFET devices that require high fabrication cost and complicated fabrication process and the dimension of the devices has to be scaled down to the range of nanometers to increase the gas sensing sensitivity. The sensitivity and selectivity of OTFTs as gas sensor can be further improved by the modification of the PMMA dielectric layer and selecting suitable measuring parameters. Due to the simple fabrication processes of the devices, OTFTs are promising to be developed to a portable and disposable gas sensor.
